Identification of all the protein components of the small subunit (28 S) of the mammalian mitochondrial ribosome has been achieved by carrying out proteolytic digestions of whole 28 S subunits followed by analysis of the resultant peptides by liquid chromatography and tandem mass spectrometry (LC/MS/MS). Peptide sequence information was used to search the human EST data bases and complete coding sequences of the proteins were assembled. The human mitochondrial ribosome has 29 distinct proteins in the small subunit. Fourteen of this group of proteins are homologs of the Escherichia coli 30 S ribosomal proteins S2, S5, S6, S7, S9, S10, S11, S12, S14, S15, S16, S17, S18, and S21. All of these proteins have homologs in Drosophila melanogaster, Caenorhabditis elegans, and Saccharomyces cerevisiae mitochondrial ribosomes. Surprisingly, three variants of ribosomal protein S18 are found in the mammalian and D. melanogaster mitochondrial ribosomes while C. elegans has two S18 homologs. The S18 homologs tend to be more closely related to chloroplast S18s than to prokaryotic S18s. No mitochondrial homologs to prokaryotic ribosomal proteins S1, S3, S4, S8, S13, S19, and S20 could be found in the peptides obtained from the whole 28 S subunit digests or by analysis of the available data bases. The remaining 15 proteins present in mammalian mitochondrial 28 S subunits (MRP-S22 through MRP-S36) are specific to mitochondrial ribosomes. Proteins in this group have no apparent homologs in bacterial, chloroplast, archaebacterial, or cytosolic ribosomes. All but two of these proteins have a clear homolog in D. melanogaster while all but three can be found in the genome of C. elegans. Five of the mitochondrial specific ribosomal proteins have homologs in S. cerevisiae.
Mammalian mitochondria carry out the synthesis of 13 polypeptides that are essential for oxidative phosphorylation and, hence, for the synthesis of the majority of the ATP used by eukaryotic organisms. The ribosomes present in mammalian mitochondria are 55-60 S particles and are composed of small (28 S) and large (39 S) subunits (1) . They are characterized by a low percentage of rRNA and a compensating increase in the number of ribosomal proteins (2, 3) . The small subunit of the ribosome contains a 12 S rRNA and about 30 proteins while the large subunit consists of a 16 S rRNA and about 50 proteins (4, 5) . The number of proteins present is significantly higher than that observed in bacterial ribosomes.
Recently, 18 proteins from the large subunit and 17 proteins from the small subunit of the mammalian mitochondrial ribosome have been characterized. The analysis of these proteins was carried out primarily following separation of the proteins on two-dimensional gels. Sequence information on the separated proteins was obtained by Edman degradation or by sequencing proteolytic products using Edman chemistry or mass spectrometry. The data obtained was used extensively to probe the EST data bases and the full-length cDNAs and the corresponding amino acid sequences were then assembled (6 -13) . Of these proteins, 12 from the large subunit and 6 from the small subunit are homologs of bacterial ribosomal proteins. The remainder fall into new classes of ribosomal proteins.
The identification of proteins in mammalian mitochondrial ribosomes has been challenging due to their low abundance. The traditional approach to sequence the proteins present has been to separate them using two-dimensional gels or high performance liquid chromatography. Individual proteins are then digested and sequence obtained on the peptides generated. In the present study, we have combined this approach with a streamlined analysis involving proteolytic digestions of whole 28 S subunits. Sequence information on peptides present in this complex mixture was obtained by liquid chromatography coupled to tandem mass spectrometry. The sequence information obtained was used in data base searches to allow the deduction of the complete amino acid sequences of these proteins. A related approach has recently been reported for the analysis of the protein composition of yeast cytoplasmic ribosomes (14) . The approach used here allowed us to identify 14 new mammalian mitochondrial ribosomal proteins. Of these, 10 have homologs in prokaryotic ribosomes (including three variants of ribosomal protein S18) while 4 are members of new classes of small subunit ribosomal proteins. This work and previous efforts have lead to what we believe is the complete identification of all the proteins in the small subunit of the mammalian mitochondrial ribosome.
MATERIALS AND METHODS

Preparation of Bovine Mitochondrial Ribosomal Proteins for Twodimensional Gel
Electrophoresis-Bovine mitochondria and 28 S subunits were prepared as described previously by Matthews et al. (4) and the 28 S subunits were collected by centrifugation at 48,000 rpm for 6 h in a Beckman Type-50 rotor. For analysis of individual proteins separated on two-dimensional gels, samples were prepared as described previously prior to loading on nonequilibrium pH gradient tube gels (5, 8) . For analysis of proteins in whole 28 S subunit preparations, 55 S mitochondrial ribosomes were isolated on sucrose gradients (4) . These ribosomes were diluted in buffer containing 20 mM Tris-HCl, pH 7.6, 2 mM MgCl 2 , 40 mM KCl, and 2 mM dithiothreitol to dissociate the 55 S ribosomes into 28 S and 39 S subunits. Two-ml samples were then applied to 36-ml linear gradients (10 to 30% sucrose in the above buffer). Samples were subjected to centrifugation for 16 h at 24,000 rpm in a SW27 rotor. The gradients were fractionated and 28 S subunits were collected by centrifugation at 48,000 rpm for 6 h. The 28 S subunit pellet was resuspended in 0.1 ml of buffer containing 20 mM Tris-HCl, pH 7.6, 5 mM MgCl 2 , 40 mM KCl, and 2 mM dithiothreitol and stored at Ϫ70°C.
Peptide Sequencing by Mass Spectrometry-Randomly picked spots from the two-dimensional polyacrylamide gel electrophoresis of the mitochondrial ribosomal small (28 S) subunit were excised and digested in-gel with trypsin (Roche Molecular Biochemicals, Basel, Switzerland) as described previously (9, 12, 15) . Nanoscale capillary liquid chromatography-tandem mass spectrometric (LC/MS/MS) 1 analyses of in-gel digests were done using an Ultimate capillary LC system (LC Packings, San Francisco, CA) coupled to a quadrupole time-of-flight (Q-TOF) mass spectrometer (Micromass, Manchester, United Kingdom) fitted with a Z-spray ion source as described previously (8) .
For analysis of proteins in whole small subunits, 3 pmol of 28 S subunits (isolated by sucrose density gradient centrifugation following the dissociation of 55 S particles) were subjected to endoprotease Lys-C (Wako BioProducts, Richmond VA) digestion (16) . The peptides that were obtained from the whole 28 S subunit digests were analyzed by nanoscale capillary LC/MS/MS with and without a variable-flow LC/MS interface. 2 Uninterpreted peptide product ion spectra generated by LC/MS/MS were searched against the nonredundant protein data base and EST data bases for exact matches using the Mascot search program (17) . High quality spectra which had no exact matches in either the protein or EST data bases were sequenced de novo either manually or with the aid of the PepSeq program (Micromass). In manual sequencing, ions originating from the C terminus (yЉ ion series) or from the N terminus (b ion series) formed by cleavage of the amide bonds along the peptide backbone were identified. Adjacent yЉ or b ions differ by the corresponding amino acid residue mass, enabling assignment of peptide amino acid sequence.
Computational Analysis-Peptide sequences obtained from Mascot searches of the protein and EST data bases and those obtained by de novo sequencing were searched against the nonredundant protein data base using the FASTA algorithm (18) . For peptides with no exact matches in the data bases, sequences obtained by de novo sequencing were used for FASTA searches. Because mass spectrometry cannot distinguish between amino acids Leu and Ile which have the same residue masses, initial data base searches were carried out using Leu in the peptide sequences. Hits with an Ile at these positions were considered exact matches. If no hits were obtained with Leu in the query sequence, the search was redone with Ile. The isobaric (same nominal molecular weight) amino acids Phe and oxidized Met (a common artifact of polyacrylamide gel electrophoresis) were distinguished by diagnostic loss of methanesulfonic acid (64 Da) from oxidized Met (19) . Because the protease endoprotease Lys-C which cleaves on the C-terminal side of Lys residues was used for in-gel and in situ digestions, Lys residues could be distinguished with a fairly high certainty from isobaric Gln residues.
EST data base and genomic DNA searches of the peptide sequences were performed using the BLAST search program (20) . Sequence analysis and homology comparisons were done using the GCG DNA analysis software package (44) , Vector NTI (Informax Inc.), and Biology WorkBench 3.2. The results were displayed using BOXSHADE (version 3.21, written by K. Hofmann and M. Baron). Prediction of the cleavage sites for the mitochondrial signal sequence was carried out using PSort and MitoProt II (21, 22) .
RESULTS
Nomenclature
Two-dimensional gel analysis of the proteins present in bovine liver mitochondrial 28 S subunits suggested the presence of as many as 33 ribosomal proteins. These proteins were designated S1 to S33 in order of decreasing molecular weight (4) . However, as protein sequence information became available, it became clear that designating mammalian mitochondrial ribosomal proteins in this way does not provide a consistent nomenclature for these proteins from different mammals. For example, bovine MRP-S18 is the same protein as rat MRP-S13 (11) . To simplify the literature and to facilitate the comparisons of mitochondrial ribosomal proteins to those from other translational systems, we are using a system of nomenclature similar to that recently adopted for chloroplast ribosomal proteins (23, 24) . In this system, proteins with prokaryotic homologs are given the same number as the corresponding ribosomal protein in E. coli. For example, MRP-S7 is the mammalian mitochondrial homolog of bacterial S7. Proteins without bacterial homologs are given the next available number. Since there are 21 proteins in the bacterial ribosome, we began designating the new mammalian mitochondrial ribosomal proteins beginning at MRP-S22 (9, 12, 13) . In previous work, we identified 9 bovine mitochondrial small subunit mitochondrial ribosomal proteins that do not have prokaryotic homologs and used the designations MRP-S22 through MRP-S30. The current manuscript describes 10 homologs of bacterial ribosomal proteins and four new class small subunit ribosomal proteins, MRP-S31, MRP-S32, MRP-S33, and MRP-S36.
Characterization of Bovine Mitochondrial Ribosomal Proteins by Tandem Mass Spectrometry
The strategies used here to identify and characterize bovine mitochondrial ribosomal proteins are summarized in Fig. 1 . The traditional approach used to identify proteins present in complex mixtures has been to separate them on two-dimensional gels. Individual protein spots are then subjected to proteolytic digestion and peptide sequence information obtained on them. This strategy was used in previous studies to obtain the sequences of 10 small subunit ribosomal proteins (8, 9, 12 ). In the current work, an additional ribosomal protein has been identified using this method.
To streamline the analysis of additional proteins present in 28 S subunits, whole subunits were subjected to proteolytic digestion. The resulting peptide mixture was analyzed by nanoscale capillary LC/MS/MS using a quadrupole time-of-FIG. 1. Strategies used for the identification of the mitochondrial ribosomal proteins. Bovine mitochondrial 28 S ribosomal subunits were purified using two sequential sucrose gradients. Several of the ribosomal proteins were identified following separation of individual proteins on two-dimensional gels. Most of the ribosomal proteins were identified in proteolytic digests of whole 28 S subunits followed by direct analysis using LC/MS/MS. flight mass spectrometer with data-dependent MS to MS/MS switching (Fig. 1) . With this method, peptides derived from 28 S subunits are eluted from a reversed-phase nanoscale capillary LC column into the source of the mass spectrometer. The MS is used much like a UV monitor to detect material eluting from the column ( Fig. 2A) and to determine the location of peptides of potential interest (Fig. 2B) . A representative analysis of one of the peptides obtained is shown in Fig. 2C . In this example, the MS spectrum of the peak eluting at ϳ57 min (labeled in Fig. 2B ) is analyzed. This peak has an abundant ion at m/z 569.8. The sequence of this peptide was obtained from the product ion fragmentation spectrum obtained from MS/MS analysis (Fig. 2D) .
The spectrum illustrated in Fig. 2D , and all other product ion spectra, were initially searched against the nonredundant protein and EST data bases using the Mascot search program (17) . This program searches for peptide sequences from entries in the data bases which would generate product ion spectra matching the fragmentation patterns observed in the individual spectrum. For the spectrum in Fig. 2D , for example, the Mascot program returned the sequence RYLLMSIDK from MRP-S15 as an exact match. For those spectra without exact matches from Mascot, the product ion spectra were manually sequenced de novo (see "Materials and Methods").
The approach used here provided a large amount of new peptide sequence information which is summarized in Table I . Peptide sequences obtained from the previously identified mitochondrial ribosomal proteins are not included in this table to simplify the presentation of the data. Sequences of the peptides (Table I) were used to search the human EST data base using the tBLASTN program (National Center for Biotechnology Information). In most cases a number of EST clones gave positive hits for these sequences. Overlapping clones for these hits were obtained using the initial hits as virtual probes to rescreen the human EST data base. Consensus cDNAs were then assembled by repetitive searching and comparison of the EST sequences. Sequencing errors were corrected as much as possible by comparison of overlapping clones. Where possible, EST assemblages from the TIGR data base were examined and used to facilitate the assembly of the full-length sequences and to help evaluate potential sequencing errors in the EST clones. The sequence of the longest possible cDNA was then assembled in silico. Generally, the fully assembled human sequence was used as a query against entries in the mouse ESTs and Caenorhabditis elegans and Drosophila melanogaster genomic data bases. The peptide sequence information obtained allowed the identification of 8 new homologs of prokaryotic ribosomal proteins, one of which (S18) is present in three variants bringing the total number of new bacterial homologs identified to 10. In addition, 4 novel small subunit ribosomal proteins were identified belonging to new classes. The new sequence information provided here brings the total number of 28 S subunit ribosomal proteins to 31. In addition, with one exception (MRP-S12), all of the previously identified mammalian mitochondrial small subunit ribosomal proteins were identified. The large number of proteins identified using this approach illustrates the power of this method for the analysis of complex protein mixtures.
Since there are three variants of S18, only one of which is presumably present in each small subunit, each subunit would have a complement of 29 ribosomal proteins. Previously 33 potential small subunit ribosomal proteins were reported by Matthews et al. (4, 25) based on two-dimensional gel patterns.
This value probably represents an overestimation of the number of proteins in the small subunit. This overestimation could be due to contamination of small subunit preparations with large subunit ribosomal proteins. 3 Additional putative small subunit proteins appearing as bands on two-dimensional gels could also arise from modified (and/or partially degraded) small subunit proteins. Only a few peptides from known nonribosomal proteins were observed in our 28 S subunit preparations. These peptides represent about 1% of the total spectrum of peptides observed. These peptides originate from two proteins expected to be associated with ribosomes (the chaperones Hsp60 and Hsp70). In addition, peptides were observed from the subunits of the pyruvate dehydrogenase complex. This large oligomeric complex sediments at 32 S (26) which is around the same buoyant density as ribosomal subunits. We believe that the peptide sequence data obtained here combined with the sequences reported previously allows the identification of essentially all of the proteins in the 28 S subunit of the mammalian mitochondrial ribosome.
The molecular weights of the proteins in the small subunit (following removal of the predicted signal sequence) range from 8.7 to 48.5 kDa (Table II) . This range of sizes is in good agreement with the previous spectrum observed in bovine mitochondrial small subunits (4, 25) . We have not observed any of the higher molecular mass ribosomal proteins (greater than 49 kDa) reported in rat liver mitochondrial ribosomes by Cahill et al. (5) . The total calculated molecular mass of the small subunit proteins following removal of the proposed N-terminal signal sequence and using an average molecular mass for the three a (% Prob), percent probability of import into the mitochondria predicted by MitoProt II and PSORT. b NP, not predicted. c Despite the predicted cleavage sites, alignment of MRP-S12 with its prokaryotic homolog suggests that the N-terminal homology starts at residue 30, therefore, the molecular weight of the mature MRP-S12 calculated based on the cleavage of the first 30 residues. S18 variants is about 680 kDa. This value combined with the mass of the 12 S rRNA present in the small subunit (about 315 kDa) brings the total estimated molecular mass of the small subunit to 995 kDa. This value is in good agreement with the protein content of the ribosome calculated from the buoyant density of this subunit and the estimated molecular weights of each individual protein from the two-dimensional gels (4, 25) .
The Mitochondrial Small Subunit Proteins with Prokaryotic Homologs
Previous studies had identified 6 homologs of prokaryotic small subunit ribosomal proteins (MRP-S5, MRP-S7, MRP-S9, MRP-S10, MRP-S12, and MRP-S14) in mammalian mitochondrial ribosomes. The present work adds 8 new homologs to this group (MRP-S2, MRP-S6, MRP-S11, MRP-S15, MRP-S16, MRP-S17, MRP-S18(1), MRP-S18(2), MRP-S18(3), and MRP-S21). Thus, a total of 14 small subunit proteins in mammalian mitochondria have bacterial homologs. No proteins corresponding to bacterial ribosomal proteins S1, S3, S4, S8, S13, S19, and S20 could be found either in the catalog of peptide sequences obtained or in extensive searches of the EST data bases using the sequences of these bacterial proteins as probes.
MRP-S2-A single peptide was obtained for MRP-S2 from the proteolytic digestion of whole 28 S subunits (Table I) . Initial screening of the EST data bases with this peptide provided a hit with an accession number of AAD34086. However, it was not identified as an S2 homolog. The full-length protein is 296 residues in length and is 34.7% identical to E. coli ribosomal protein S2 (Table III) . After the removal of the predicted import signal, the sizes of E. coli S2 and MRP-S2 are quite comparable (Fig. 3) . As might be expected, homologs of MRP-S2 are present in other mammals, C. elegans, and D. melanogaster (Table III) . Of these, the Drosophila MRP-S2 is more closely related to the mammalian protein than is C. elegans MRP-S2 although this theme is not shared by all of the ribosomal proteins (Table III) . Mammalian MRP-S2 is more closely related to its homolog from bacteria than to its S. cerevisiae mitochondrial homolog. The low conservation of primary sequence between mammalian and yeast mitochondrial ribosomal proteins has been observed in a number of cases (27) .
MRP-S6 -Two peptide fragments encoded by the same bovine cDNA (BF041055) were identified as fragments from a protein similar to the prokaryotic S6 ribosomal protein family in Swiss-Prot data base searches (Table I) . MitoProt II assigns a low probability for the import of mammalian MRP-S6 into mitochondria (Table II) . Interestingly, the yeast mitochondrial homolog, MRP17 (YKL003C), is also assigned a low probability of import into mitochondria and has no signal cleavage motif (27) . MRP-S6 is reasonably well conserved (Table III) Alignments of MRP-S12 with its prokaryotic homologs suggest that the import signal will not be cleaved (see Table II ). Hence, its size is indicated without cleavage. In comparison of molecular weights in the S18 family, MRP-S18(1) has been used. cially at the N-terminal end and in the central region (not shown). Human MRP-S6 is one of only two homologs that is shorter than its E. coli counterpart (Fig. 3) .
MRP-S11-All the clones obtained from the virtual screening of the data bases by using any of the four peptides from MRP-S11 were described as "similar to 30 S ribosomal protein S11" (Table I ). Human MRP-S11 is reasonably well conserved among the various mitochondrial sequences available (Table   III) . The S. cerevisiae S11 homolog (YNL306w or MRP-S18) is 27% identical to E. coli S11. It has been defined as a mitochondrial ribosomal protein but not yet as an S11 homolog (27) .
MRP-S15-Peptides derived from MRP-S15 were very abundant in the whole digests of 28 S subunit (Table I) . Homologs of human MRP-S15 are readily detected in yeast, D. melanogaster, and C. elegans (Tables III and IV) . The mitochondrial homologs of S15 are all considerably longer than bacterial S15 FIG. 4 . Sequences of the three human MRP-S18 proteins and their alignment with E. coli S18 (P02374). E. coli S18 is represented by S18 and the three different variants of human mitochondrial ribosomal MRP-S18 proteins are represented by S18(1), S18(2), and S18(3). The alignment was done using the GAP program in the Genetics Computer Group program and the results are illustrated with BOXSHADE. 
a EST number, full-length protein sequence cannot be found. b Possible chloroplast or mitochondrial location. c Twelve N-terminal residues are missing in the reported accession number. d Drosophila MRP-S21 homolog is encoded from two exons obtained from the complementary nucleotide sequences of this entry in between 9429 and 9110 bp.
e Localized in the large subunit of yeast mitochondrial ribosomes (43) . f Partial rat protein and bovine peptide fragment (6), respectively. g Found in both small and large subunits analysis. Subunit location of this protein is tentative (13) . h Reported as a large subunit protein in Ref. 6. which is only about 88 residues in length (Fig. 3) . Only a central region of MRP-S15 has homology to the bacterial proteins. The sequence of MRP-S15 is the least conserved of all the small subunit ribosomal proteins between human and mouse (Table III) . Furthermore, less than 30% identity is observed between human MRP-S15 and the corresponding proteins from D. melanogaster and C. elegans (Table III) . MRP-S16 -Two peptide sequences were sufficient to identify human MRP-S16 in the human ESTs (Table I) . Human MRP-S16 is 40.2% identical to E. coli S16 with the sequences most highly conserved near the N terminus (Table III) . Although MitoProt II predicts cleavage of a putative import signal at the residue 34 (Table II) , the homology region of MRP-S16 with its bacterial homologs begins following residue 16 making it likely that the actual import signal is shorter than the predicted one. Homologs of human MRP-S16 are detectable in yeast, D. melanogaster, and C. elegans data bases (Table IV) . MRP-S16 is one of the most highly conserved ribosomal proteins between mammalian and yeast mitochondria and the human MRP-S16 is about 40% identical to its bacterial homologs (Table III) .
MRP-S17-Five peptides encoded by an unidentified mRNA (HSPC011) were identified. Subsequently, Swiss-Prot protein data bases searches using this unknown protein revealed that it is the mammalian mitochondrial ribosomal homolog of prokaryotic S17. Human MRP-S17 is moderately conserved among the mitochondrial and prokaryotic ribosomal proteins especially at the N-terminal and the central regions of the S17 family of proteins (Table III) .
MRP-S18 -In E. coli a single form of ribosomal protein S18 is observed. However, in other organisms such as Streptomyces coelicolor and Mycobacterium tuberculosis, two variants of S18 have been detected. Seven peptides derived from a mitochondrial S18 homolog were detected (Table I) . These peptides hit both prokaryotic and chloroplast S18 ribosomal proteins. Somewhat surprisingly, the peptide sequences that were determined by mass spectrometry matched three different cDNA sequences encoding different proteins which are designated as MRP-S18(1), MRP-S18(2), and MRP-S18(3). The corresponding fulllength human MRP-S18 proteins are deposited in GenBank TM . However, the functions of these proteins are listed as unknown.
Alignment of the three variants of MRP-S18 (Fig. 4) indicates the presence of conserved regions only in the central portion of the S18 proteins. The primary sequences of the three mitochondrial S18 variants are no more closely related to each other than they are to the prokaryotic S18s (Table V) . Prokaryotic organisms such as S. coelicolor and M. tuberculosis also have more than one S18 homolog (Table III) . Unlike the mitochondrial MRP-S18s, these prokaryotic homologs are greater than 50% identical to each other. Three MRP-S18 variants are present in mouse and D. melanogaster while two forms of this protein, corresponding to MRP-S18(1) and MRP-S18(2), are found in C. elegans (Table V) . A single MRP-S18 appears to be present in yeast mitochondria. This protein, like the single S18 in E. coli, is more closely related to MRP-S18(1) than to the other two forms (Table III) . Human MRP-S18 proteins are more closely related to several chloroplast S18 proteins than to their prokaryotic S18 homologs (Table III) . It is likely that each mitochondrial ribosome will have a single copy of MRP-S18. The presence of three variants of MRP-S18 suggests that there is a heterogeneous population of mitochondrial ribosomes.
MRP-S21-Searches performed with three peptides hit ESTs described as similar to 30 S ribosomal S21 protein and assembly of the cDNA sequences lead to the sequence of the full-length MRP-S21. Prokaryotic S21 proteins and the MRP-S21 homologs are well conserved in the central and the Nterminal regions. Yeast, D. melanogaster, and C. elegans homologs were found (Tables III and IV) .
New Classes of Ribosomal Proteins in Mammalian
Mitochondrial Ribosomes MRP-S31-Six peptides were sequenced from the bovine mitochondrial ribosomes that correspond to a new class designated human MRP-S31 (Tables I and II) . This protein was previously identified as "Imogen 38" (NP_065585) which is a 38-kDa mitochondrial autoantigen associated with type 1 diabetes (28, 29) . Its relationship to the etiology of this disease remains to be clarified. The D. melanogaster homolog of this new class of mitochondrial ribosomal proteins is present. However, a C. elegans homolog could not be detected (Tables III and IV) .
MRP-S32-A single peptide in the whole 28 S subunit digest lead to the identification of a new class of mitochondrial ribosomal protein designated MRP-S32. Homologs of MRP-S32 are found in a variety of other species although yeast does not appear to have a corresponding ribosomal protein. This observation is not surprising since several of the new classes of ribosomal proteins have not been observed in yeast (Tables III  and IV) .
MRP-S33-A single peptide (Table I ) also allowed the identification of another new class of ribosomal proteins (MRP-S33). Again MRP-S33 has a high probability of being localized in mitochondria. MRP-S33 is one of the more highly conserved mitochondrial ribosomal proteins between mammals, flies, and worms (Table III) . There is no detectable homolog to this protein in yeast mitochondrial ribosomes when searches are performed with mammalian, Drosophila, or C. elegans MRP-S33.
MRP-S36 -Two peptides lead to the identification of the "new class" of ribosomal protein designated MRP-S36 (Table I) . Like other new class mitochondrial ribosomal proteins, no homolog of this ribosomal protein can be detected in prokaryotes. However, MRP-S36 has a homolog in yeast (Tables III and IV) that has been identified as a mitochondrial ribosomal protein in previous studies (30) . MRP-S36 is the fifth new class mitochondrial ribosomal protein that has a yeast homolog (Table  III) (9, 12, 13) . The C. elegans MRP-S36 homolog is detected in the C. elegans data bases (Table IV) . No Drosophila homolog of MRP-S36 could be found probably due to high divergency of this ribosomal protein family in different species or due to a sequencing problem in the Drosophila data base. 
Other New Ribosomal Proteins
The current analysis of peptide digests of whole small subunits also lead to the confirmation of the presence of two small subunit ribosomal proteins reported previously (11) . These ribosomal proteins were previously designated MRP-S12 and MRP-S28 (11). However, in the nomenclature we are proposing, MRP-S12 represents the mitochondrial homolog of prokaryotic S12. We, therefore, propose that this protein be designated as MRP-S34. The designation MRP-S28 was used previously to represent a different new class of mitochondrial protein and this sequence is designated as such in Swiss-Prot (12) . Hence, we propose that this protein be identified as MRP-S35 (rather than MRP-S28). The peptides obtained from these two proteins are listed in Table I . 
DISCUSSION
Eight ribosomal proteins described in this paper and 6 of the previously characterized mammalian mitochondrial ribosomal proteins show significant sequence similarities to bacterial ribosomal proteins. The remaining 15 proteins that have been identified in this and previous studies belong to new classes of ribosomal proteins (7) (8) (9) (10) (11) (12) (13) . A large amount of new structural information on the ribosome allows us to begin to put these observations into a clearer structural context.
The mammalian mitochondrial 28 S subunit contains a 12 S rRNA which is 950 nucleotides in length compared with the 1542 residues in the E. coli 16 S rRNA. In general, the 12 S rRNA is not randomly shortened throughout its structure.
Rather, it shows striking deletions of a number of features of the secondary structure (Fig. 5) (31) . The regions of 16 S rRNA present in the mitochondrial 12 S rRNA were examined using the three-dimensional model of the Thermus thermophilus 30 S subunit at 3-Å resolution to supply the coordinates (32) . Front (large subunit interaction side) and back views are shown in Fig. 6 , A and B, with the regions retained in the 12 S rRNA shown in blue and the regions missing shown in red. Most of the regions of the small subunit rRNA missing in the mammalian mitochondrial 12 S rRNA are located on the periphery of the subunit and on the back side away from the decoding region. RNA components creating the core structure of the platform, the front of the head, the neck, and part of the body have been retained in the 12 S rRNA. RNA in the central portion of the head, the spur, portions of the shoulder, and the edge of the body away from the platform are missing in the mitochondrial rRNA. The conservation of critical regions of the rRNA suggests that the basic functioning of the mitochondrial ribosome will be analogous to that of the bacterial ribosome.
Ribosomal proteins are classified in three categories depending on the order of their assembly into the subunits and the degree of their interaction with the rRNA. In the E. coli 30 S subunit, 6 proteins are classified as primary rRNA-binding proteins, 8 are classified as secondary rRNA-binding proteins while 6 are tertiary rRNA-binding proteins (Table VI) . Classi- Primary S7, S15, S17 S4, S8, S20 Secondary S5, S6, S9, S12, S16, S18 S13, S19 Tertiary S2, S10, S11, S14, S21 S3
Head (3Ј domain) S2, S7, S9, S10, S14 S3, S13, S19 Platform (central domain) S6, S11, S15, S18, S21 S8 Body (5Ј domain) S5, S12, S16, S17 S4, S20
fied in this way, mammalian mitochondrial ribosomes are missing 3 of the primary RNA-binding proteins, 2 of the secondary rRNA-binding proteins and only one of the tertiary RNA-binding proteins. S1 which is also missing in these ribosomes is not included in this tabulation. The putative locations of the mitochondrial ribosomal proteins that have prokaryotic homologs have been examined using the model of the 30 S subunit (Fig. 6, C and D) . This analysis indicates that truncation of the rRNA in the small subunit may account in part for the absence of certain ribosomal proteins but that a more complete understanding of structure/function relationships in this ribosome will be required before a clear interpretation of the data is possible. The body of the 30 S subunit contains the 5Ј domain and part of the 3Ј minor domain of the 16 S rRNA. The 5Ј domain of the rRNA interacts primarily with 6 proteins (Table VI) . Homologs of 4 of these proteins are present in mammalian mitochondrial ribosomes. These are clustered primarily near the junction of the body with the head and platform of the subunit (Fig. 6) . Two of the primary RNA-binding proteins missing in the 28 S subunit (S4 and S20) would have been localized in the body of the subunit (yellow in Fig. 6 ).
The lack of S4 in mammalian mitochondrial ribosomes is rather surprising. S4 is important for the accuracy of translation and mutations in S4 can cause an increase in misreading (33) . S4 binds to a five-way junction between H3, H4, H16, H17, and H18 in the 5Ј domain of the 16 S rRNA (32) . It is also in contact with H21. The 12 S rRNA in mammalian mitochondria lacks H16 and H17 suggesting that this region of the small subunit may have a structure somewhat different from that observed in bacterial ribosomes. S4 normally makes strong contacts with S5 in the body of the subunit as part of a threeway interaction S4-S5-S8. Of these three, only S5 has been retained in the 28 S subunit. It is possible that the large size of MRP-S5 compared with prokaryotic S5 (Fig. 3) may arise from the loss of S4 and S8.
A homolog of S20 found in the body of the small subunit is also missing in the human mitochondrial ribosome (Fig. 6) . In prokaryotic ribosomes, S20 which is a primary RNA-binding protein is located near the bottom of the body. Two of the major helices in contact with S20 (H6 and H8) are missing in the 12 S rRNA perhaps accounting in part for the lack of S20.
The central domain of the 16 S rRNA forms the platform of the 30 S subunit which is involved in forming the P-site. Five of the 6 proteins located in this region of the 30 S subunit are present in the mammalian mitochondrial ribosome (Table VI and Fig. 6 ). Thus, the core ribonucleoprotein structure of the platform has been well conserved in the mitochondrial ribosome. Three variants of S18 located in this region of the small subunit have been observed in our studies. In bacterial ribosomes, S18 undergoes a conformational change upon the binding of mRNA to the small subunit (34) . The observation that three variants of S18 have been located in human mitochondrial ribosomes raises the possibility that they may confer different mRNA binding properties on subpopulations of small subunits.
Only one protein located primarily on the platform of the small subunit, the primary rRNA-binding protein S8, is missing in the mitochondrial ribosome (Fig. 6, Table VI ). S8 interacts with H21 which is missing in mitochondrial 12 S rRNA (Fig. 5) . S8 is not required for assembly of any other ribosomal proteins on the 16 S rRNA (35, 36) although it does form strong electrostatic contacts with S5.
The head and neck regions of the small subunit are formed by the 3Ј domain of the 16 S rRNA (32, 37) . This region contains 8 proteins of which 5 have been preserved in the mammalian mitochondrial ribosome (Table VI) . The only primary RNAbinding protein in this region (MRP-S7) has been conserved. S7 has been implicated as forming part of the E-site. S7 potentiates the binding of S9, S10, and S14 near the top of the head all of which have been retained in the 28 S subunit.
The missing secondary and tertiary rRNA-binding proteins in the head region are the homologs to S13, S19, and S3 (Table  VI and Fig. 6 ). S13 and S19 are located close to each other in the head of the 30 S subunit (32). S13 and S19 are able to cross-link to tRNA at the A and P sites (38) . Moreover, S19 and S13 are the only protein components that are located in the front of the head of the 30 S subunit where it interacts with the central protuberance of the 50 S subunit. Apparently, the functions of these proteins have been replaced by a new class ribosomal proteins in mammalian mitochondria. The absence of S3 is somewhat surprising since most of the regions of the small subunit rRNA that it interacts with (except H16) have been preserved in the 12 S rRNA. Furthermore, S3 contacts S10 and S14 in the head forming a tight cluster held by hydrophobic interactions. Both S10 and S14 are present in the small subunit of the mammalian mitochondrial ribosome. MRP-S10 is quite a bit larger than its bacterial counterpart and a portion of the role of S3 may have been assumed by the additional sequences present in MRP-S10. In prokaryotes, S3 has been implicated in the assembly of the 30 S subunit but may not be essential once assembly is completed (39) .
Half of the proteins identified in mammalian mitochondrial ribosomes do not have prokaryotic homologs. Some of these may have replaced specific prokaryotic ribosomal proteins during evolution serving related functions. Some of these new ribosomal proteins also appear to have evolved additional roles for the cell. For example, MRP-S29 also known as the deathassociated protein 3 is involved in apoptosis (40, 41) . MRP-S31 (Imogen 38, described in this report) has been found to be associated with type 1 diabetes (29). These observations suggest that components of the mitochondrial protein biosynthetic system may play a pivotal role in apoptosis and mitochondrial diseases. They may also play a role in coordinating mitochondrial gene expression with the metabolic needs of the cell. The roles and locations of all these new class ribosomal proteins remain to be determined.
